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Spacecraft AutonomoLIs Navigation for
I’ormalion Nying Fhrth orbiters Using G]%

Joseph R. Guinn’
Ronald .J. lk)air~2

This popcr  extends earlier analysis for autonomous orbit
dctertnituztion  mui control oflhrt}l  orbiting spacecraft. T/w earlier
analysis  was linlitcd  to a single spacccrajl  with o ground track
repeat requirement /1]. This work .V}IOWLV  that a similar tcc}miq14c is
applicclblc  for two spacecraft flying in jornmtion.  i“mcking and
orbit dc(crtttitwtion  functions arc performed u.ving the Global
Positioning ,Yystenl (GPS). Orbit control is pcrfortucd  by using a
,Tinlple  empirical strat cgy (0 infer ahqol14tc and rc.lot  ive orbit decay
and sub,wqucntly  provide orbit aiju,v[tmwt  in fbrnmtion.  ,Yimulatiotl
results ond a proposed s!ratcgy arc provided for the Ncw
Millctmium 17arth Orbiter- 1 [~14![))lo))l{)  ll%vfort)z(llio)l  flying nli,v,viotl.

INTROI)tJCTION”

One of the ky tcchno]ogics  to be used extensively on fat utc liarlh  orbiling  missions
is autonomous navigation. By navigation here, it is meant that process of ~~tcrminjng  and
C(m!rgl!in.g  the t rajcctory or orbit of a spacccraf[ during its mission in a manner consistent
with the mission find navigation rcquircmcnts.  Autonomous, in this context, relates to a
slate  of self-contained sensing, judging, and decision making to empower actions on the
spacecraft without outside a(ivicc  or intervention. Thus, autonomous navigation is
navigation done by a spacccraf[ bawd on capabilities resident within that spacecraft and
without ground intervention.

Single spacccraf[  autonon~ous  navigation has been proposed [ 1 -4] and par[ial]y
validated for various mission scenarios [5-6]. Within autonomous navigation, there am
several possible “control objcctivcs”  for trajectory or orbit adjustmcn(s dictated by the
navigation requirements and implcmcnte.d principally within the decision and maneuver
functions of an autonomous navigation sys[cm. ‘l”wo or more sj)acecraf(  in Iiarlh orbit
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aclivcly preserving, within limits, some gconmical alignment is jus[ one. of the possible
control objectives achievable wilhin the contcx(  of autonomous navigation. This would be
fm tna[ion flying. III its simplcs[ form, (WO spacemf(  control and main(ain their dynamic
states with respect  to one another according to some pmpecifiwi  requirement, usually
expressed as a nominal scpara(ion dis[mcc and a control band on that separation. ‘J ‘he
cbaracteris[ics of this prcspccified  requirement, as a first order factor, determine I}IC
cmnplcxit  y of algorithms and the difficuh y of the ovcrtd  ] autonomous navigation
ill~~~lc~~lcrltatiol~  such that large (iislanccs  al)d tight contr’o] bamis arc more difficult an(i
Costly.

I/or the New Millennium liarth Orbiter-1 (1;0-1  ) mission the problem is to n~akc liO- 1
fly in formation ahca(i of the 1.andsat-7  (1 .S-7) satciiilc.  Iiormatiml  flying here is rcquirc(i
in 01 der to take coor(iina[cd,  co-rcgisterc(i  images of refmmc geographic sites for a
scientific comparison of d~c two inlaging syslcms. in this mode of operation, the relalivc
posit ions of 1;0- 1 and 1 S-7 wiii be maintainc(i  and controlled with respect to onc another
according to the mission rcquirenwnt for “sinml(aneity”  of n~cmurenmnts.  “l”he  separation
(iistanc~  between HO-1 an(i I S7 (though 110[ yet dctermimi as a specific requirement) can
bc as great as 675(J km and s(iii provide adequate science Rut much mailer separations
arc (icsirablc  and easily achieved with the autonomous navigation technology presently
available. Equally impor(ant, a control band size on the order of230 km or less seems
desirable and attainab]c  wi[hin  this same technology. (1’his is based on the cmcnt  mission
Cxmccpt  where I ,S-7 excculcs  its nominal lnission as a lloI1-cooI)cI:i(ivc  pamer  with 1;0- 1,
except  perhaps to share its mission plan an(i navigational data at Orbit Maintenance
Maneuvers. Smaller cent rol bands arc J~ossi  blc if some form of cooperat  ivc, near real-t imc
data exchange were possib]c between 110-1  and J S-7, thus providing a mom rigorous
demonstration of formation f] ying.) Coopcrat ivc format ion flying using various methods
of filtering spacecraft to spacecraft range have been propmxi  [7-9].

liicmcnts  of this autonomous navigation systcm,  shown in l:ig.1,  include: Global
]’osit ioning System (GI’S) tracking an(i oIbit  (ictcmination, maneuver decision, maneuver
design, and maneuver implcmcntat  ion. ‘Ilis Jmpcr dcscribcs each ekmcnt  an(i J~rovidcs
prc,liminary  sin~ulation  results for the Ncw Miile.nnium 110-1 / 1.S-7 autonomous navigat ion
formation flying technology vali(iation  mission.

(;l)S TRACKING

Several spaceborne GJ’S receivers have been (icvclopcd to track CiPS signals from
low llarlh mbit [10]. ‘J’hcsc multiple channc] mccivcrs JJrovide the caJ)abilit  y to coJlec(  GJ’S
J)scu(iorange  and carrier J)hasc  observations alon~~ with navigational data [11]
simultaneous] y from a minimum of four sate] litcs. Most receivers operate by t racking
many more than the nlinimurn.  Generally, a single omni(iirectional  antenna is nsed;
however, multiple antennae may bc employed to allow for attitude njcasmenmt, incrcmed
antenna gain, or to avoki  signal blockage duc (o spacecraft at[itu(ie maneuvering.
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Dual frequency obscrval  ions provide for ionospheric dcla  y climinal ion. 1 ]owcvcr,
only single frequency observations arc availab]c  for civilian USC. Single frequency
“codc]css” tcchniqt]es  arc now available in smnc C;I’S rcceivcrs to allow for ionosphere
calibration withotn requiring sJwcial security agrccmnts [12].

Fig. 1- Autonomous Navigation Formation lUying  Systcm for
Ncw Millennium IL()-1 Mission
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Autonomous real-time orbit dcmmination  is available using only G}’S tracking data.
‘1’hc  CWS provides two levels of service: a Standar(i  Positioning Service (SPS), available to
all users on a cent inuous, world wide basis with no direct chalge  and an encoded Pmci se
Positioning Service (PI’S) intcn(ie(i  primariiy  for miiitary  use. S1’S is intentionally
(icgraded  with a process called Sclcctivc Availability (SA) [13] and has an advertised
positioning accuracy of 100 meters horizontal arl(i 140 mtcrs vertical (95 percent
pmbabiiity)  [ 14].
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orbit accuracy impmvcmcnts m the S1’S service can be obtained by employins user
spacecraft dynamic mxicls  and an extended Kalman filter. An initialimion  or settling
period is requirc(t  to obtain the nccclcd aprimi constraints. Afterward, real-t imc mbit
solutions arc available. lmprovcxl  accumy  at the cxpcnsc c)f inmascd  complexity may not
justify its mc for a non-coopcrat ivc formation fl ying mission such as 101. 1 Iowcver, for
futm cooperative and/or t igh( separation cent rol missions, this form of mbit  dcterminat  ion
I nay be required.

l~ig.2  - G]% ])crivc~  ‘l’OI)ItX/l}osci[lorl  orbit l)ctermination  R e s u l t s
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1’ig.2 pmvidcs a summary of actual orbit dcmminalion  accuracies achieved  using
‘1’01’EX/i’oseicton GPS flight receiver observations. h] order to evaluate the orbit
(iclcrnlination  pcrformmc  for tile various tracking modes simwn, a “near-truth” orbit
solution was required, 3’his “nmr-tmth” orbit solution, also called a l’recision orbit
l$hcmeris (1’01;), was computed using single frequency carrier phase an(i pscmiorangc
observations from “i’OPl~X/i’oscidon  and 15 globally distributed ground stations.  11 is a
differential solution with full (iynamic  modciing  and batch/sequential parameter estimation
over a 30-hoLM  arc. Stochastic white J~oisc  clocks and carrier phase biases were estimated
along witil the spacecraft state to Jmduce an orbit accurate to about 1 S cm total  position.
More dctaiis  rcgar(iing  the accuracy and pro(iuction of this GI’S based 1’011 can be found in
Ref. 15.

in I/ig.2, the result “Navigation Solutions SA ON”, was derived by comim(ing  the
RMS (over 24 hours at 5 minute  samples) of the total  position (iitl’crcnces  bctwccn the
onboard  “navigation solutions” and ti~c I’C)Ii. ‘l’he 64 m total position error is consistent
with results expcctcd  under S1’S with SA ON. Other spaceborne GPS missions have
produced simiiar  “navigation solution” performance [16-19].

‘1’hc second result, “Navigation Soiutions  SA O1/l;”, was computed the same as the
firs( but for a diffcwnt day when no SA clock maniptllat  ion was apparent. As cxpcc(ed  the
mbit accuracy improveii to a total position mor of abow 15 m.

‘1’hc final msu]t SIIOWS w}lat  can be ob(aincd  by using an cx(cndcd  Kalman fi]tcr  along
with modclling d]c satellite (iynamic.s. ‘J’hc rcsuit, “Kalman liil(crcd  Solutions SA ON”,
achieved an accurdcy  of about 5 m after a settling t imc of approxitnatcl  y 4 hours. 1/or
lower altitudes the dynamic modclling  errors arc cxpcctcxi  to incmasc;  }lowcvcr,  orbit
accuracies arc still expected to be below 10 m. Dynamic models used wcm: Sun and Moon
n-bmiy, 50xS0 JCIM3 gcopomn[ial, lY1’M (ir:ig model, solar anti liarth ra(iiation  pressure,
an(i solid car(h tides.  ‘1’hc cxtcndcd K alman filt m is dcfinc(i  }mrc as a sequential promssing
of the available observations with state an(i nominal trajectory up(iates  at each cJ)och.  By
utilizing stochastic clock cstimalion, accumulating the 01> information matrix and
exploiting the high fidelity dynamic mocicls,  orbit accmcics arc imiwovcd  and
maintainable. ‘1’bus, once initiaiimd/scttlc(i  lhe extended Kalman fiitcr produces more
accurate orbit determination results than the kinematic (non-( iynamic) “navigation
solutions”.

I/or non-cooperative format ion fi ying,  orbit dc(crmination  pcrfomancc  is not required
to be as accurate. “i’his  results from the fact that ] out inc orbit dctcminal  ion of the formation
fi ying pamcr is unavailable an(i the rclat  ivc orbit decay can be inferred from the ground
track offset rclat ivc to a fixc(i dmg-free mfcrcncc groun(i track, in 1 ‘ig.3, the actual groun(i
track offsets for ‘1’OPliX/l’oscidon  “navigation solutions” and POI{’S agree to better than 40
m. ‘1’bus, with similar orbit determination on 101  the “navigation solutions” will bc
adequate to (ic(cct  drag induced orbit (iccay. ‘1’hc maneuver decision func(ion describes
this process moIe completely.
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2"wotylJcs  oforbit colltl(J1l ~]allctl\fcrsa  lcrecltlirc(if(  Jrforlllatiorlfl yitlg.  “J’hcfimtmc
those required to account for variations in the along track  scpara[ion duc to differential
atnmsphcric  drag on the forma(irm  nmmbcrs. ll~tt~is~~al}cr,tllcsc  are rcferrcd teas Along
“I’r~ck Adjtlstl~~et~(  Mal~ctlvclx  (A”l’AM’s).  'l`t~csccolld  a~cll~ar~c~]vcrst  }~ateacl~T ~~cl]l[}c~of
the formation must perform duc to in(iividual  mission constraints (e.g., ground track
maintenanceo  rgroundtargct  acquisitions). ‘1’hcscsccond typcsartcallcd  Orbit
Maintenance  Mancuvelx(OMM’s).  }`orac()(~]~crativc  fo~~l~atiol~  flylt~g ~j~issioI~OMM's
can be coordinated autonomously ttliotl~l]asj~acccraft  to spacecraft telecommunications
link, Since IiO-1 will ~wllol~-c()oj~cIativc,  tt]c1.S-70MM's  lllllst  bcJ~rovidcd  toliC)-l
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tl~rotlgl~  al~c)l~-atlt(J1]  (J1~~oLls  ]Jatt~(c,g.,  gtoL]ll(it lll1ilJk).  Ilowcvcr,  wi[lltllc colltr(Jlst~dtegy
dcscl-i bcd below A’1’AM’s pmccssing can remain complctcl  y autonomous,

‘1’hc  primary orbital pcmwbations,  responsible for along track separation variations,
amasj)]lcrical  grdvity  alldatlllosl)llcl’ic  drag. ]lottla ref Ll[ldalllcIltali  tldcfillillgtllc
r~~ir~il~ltltIl  separatior~  controlreqllirc~ ~lerj(s.  lnthispapcr,A’  l’AM’son lycontrolti]calong
track variations due to atmospheric drag.

A spherical Gravzly  - Since the 1 iarth’s gcopote.ntial  field is asphcrical,  there exist
periodic along tlack  orbit variations between formation n)cmtms that vary with the nominal
scJJarat  ion distance. 1 ‘ig.4  shows the amplit  udc of these variations for the proposed I{ C)- 1
orbit at nominal separations up to 6000 km (about 1 S minutes). Ammpts  to control the
seJJaration  to a level lower than a value obt aincd flom 1 ‘ig. 4 requires mult ip]e maneuvers
every orl)ital  revolution. “1’0 avoid this rcsourccs expense (i.e., fuel, computational, etc.),
knowledge of the gmvitational  induced periodic variations provides a constraint for the
mininlum  separation cent rol,

Uig. 4- Along  ‘1’rack  Varai(ions  l)ue  to 20x20 Asphcrical  Gravily
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Afmosphctfc  l}rag - Non-pcxiodic  along  [Iack va~ia(ions  wise  frcml  the diffcrcnm
in the drag form acting on each spamcrafl.  ‘1’hc  mla(ivc  drag accclaalions  for each
spacmrafl dictalc  whether the along tt ack sc.para[ion wi II increase or decmasc.  For
example, with }30-1 flying in front of 1 ,S-’7 and having a design such that  its drag is higher
than that  of 1,S-7, the separation will tend to incrcasc  (i.e., higher drag on EO-1 lowers its
orbit ahitucic  and thus dccrcascs  its orbital period compared with 123-7 and moves away
from 1 .S-7).

A control strategy for computing ATAM’s has bce.n developcci  to account for drag
induced behavior of the alo]~g track separation. To firsl order the along track separation
between two spacxmaft  in ncar]y the same orbit will exhibit quadratic behavior. ‘1’hc
relationship is:

AA”]’ : AA’]’o - 2kd,~ t + ki(R-1 ) 12 (1)

where:
AA”]’ = along track separation at time t
AA”lh = along track separation at time to
k = orbit cons{an(
dm = scmimajor  axis difference at to
R = ratio of ballistic coefficients
ii = scmimajor axis rate
t = time

I)iffcrcnces  in the bal list ic coefficients of each spacecraft (i .c., area-t o-mass ra[icl
lmdtiplied by the drag cocfficicno  produce differcnm in the atmospheric drag accelerations
on cact~  spacficraf{.  Mathematically, the diffcrcncc  in the along track orbit angle (mean
anomaly) Mwccn the two spacecraft, is the quadratic function of time an(i mbit decay rate
shown above in (1) and derived in the Appendix, Once lhc relative ballistic coefficients and
orbit decay are known, this quadratic relationship can be used to cxtrapo]atc the along track
scpalatim  to the contfol  bomdarics  and thus predict when an A’I’AM is rc.quirc(i,

Orbit decay is char~ctcrimd  by a de.crcasc in the orbital scmimajor  axis. ‘i’hc
scmimajor  axis decay MC of 1 K)- 1 can be (iclcrinincd  directly from the mbit dctcminntion
process or from an empirical mo(ic]  of the ground  track offset history rclat  ivc to a fixed
Cirag-free ground  track. ‘1’hc latt cr mctho(i  allows for siniJ)]ificd  orbit dc(crmina(ion.  “l”hat
is, orbit determination accumcics  at the 100 m lCVCI arc a(icquatc  for scmimajor axis rate
(ictcrmination  with a simple empirical model. Without the empirical aJ>proach, orbit state
accuracies from the orbit determination process are. rcquircci  to bc less than 5 m, thus,
requiring the more complex Kalman fi]tcrinf,  orbit dc(crmination  approach.



%mimajor  axis decay rates conqnmxl dircclly  from Ibe orbit dctemination  process
arc obtained by transforming the ~arlcsian sJ~acccraft  st:itcs  (i.e., positions and vclocitics)
to mean Kcplcrian  elements (i ,c., a,c,i  ,Q,oJ,M). Successive mimatcs  of tbc scmimajor
axis (a) provide tbc decay rate. ‘1’hc  simJkr  cnlpirical  Jnodc] apprOaCb  produces Scmimajor
axis decay rate information from quadratic fit parameters of the equatorial longitude offsets.
I/or example, Fig.5 shows a quadratic cn~pirical  fit [o longitude offsc(s. An estimate of tbc
scmimajor axis decay rate can bc computed from tbc 1112  coefficient. l’bis is tbc basis of
single spacecraft autonomous navigation for ground track repeat missions[ 1 ]. A basic
matbcmatical  description for this method can lx found in the Appendix.

Fig. 5- Kmpirical  Fit to ILquatorial  1 .ongitude  Offsets
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Since the 101 mission is non-coopc~ativc,  the 1 .S-7 stmimajor  axis decay ra[c is not
routinc]y  available. Assuming both spacccraf( encountcl”  tbc same atmospheric dc!lsity  the
1 .S-7 scmimajor  axis ciccay rate can be derived from tbc following:

(2)



wh cm:
ii = smimajor  axis me
~ = spacecraft bal]istic  coefficient
cl) =- spacecraft (irag cocfficicn[
A = spacecraft projcctccl  ama in along track direction
m =spacceraft  mass

Once the orbi(al decay is dctcrmincd  the along  track control boundaries can be
monitored with equation (1). When a control boundary is exceeded, the magnitude of the
A’J’AM can bc computed based on the known difference in scmimajor  axes bctwccn the two
spacecraft. ATAM magnitudes are computed with:

(3)

where:
AV = along track velocity change
k = mbi( constant
daM = smimajor axis diffe.mlc.c  at maneuver epoch

SIM~JI.ATION  I<14;SIJI.1’S

Simulation results of the 101 mission with a nominal along track  separation of 900
km (about 2 minutm)  forward of 1.S-7 alc presented in this scc(ion.  g’hc along tmck
control boundary for A1’AM’s was set at ~ 10 km. I AS-7 ground track boundaries for
OMM’S were set at 3.5 km. ‘1’he 110-1  spacecraft ballislic  coefficient was assumed to be
t wicc that of 1.S-7. l~igs.6-8  show a simulated history of the 110-1 and 1.S-7 along ttack
separation, scmimajo~ axes, and equatorial longitude offsets.

“1’he  line labeled ““1’ruth” in 1 ‘ig.6 was computed by diffcrcncing  the 1~0- 1 and 1 S-7
fljlly  dynamic (rajcc(ories.  ‘1’hc per mbit variations show amplitudes of about 2 km that arc
consistent with I;ig.4. ‘1’wo A’1’AM’s and an OMM were included in the simulation. ‘1’hc
scmimajor  axis of IiO - 1 was determined using simulated GPS “navigation solutions” and
(he empirical method  described earlier in this paj]er. in 1 ‘ig.7 the semimajor axis results
lcvcal  some obscrvabilit y problems at the beginning of each segment fit by the cmpi rical
model. ‘1’his initialization problem can be handled with some aprimi  constraints and is not
ex j~cctcd  to impair the empirical mchd.  1 ‘ig.8 shows very good agreement bet wecn the
actual ground tracks of 110-1 and 1,S-7. “1’his  shows the most important rcslllt since the
110-1 sJJacccraf(  is required to co-ilnage  the same gcograJ>hical  Ioca(ions as 1 ~S-7,
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Fig.  6- AIong ‘J’rack Variations
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Autonomous navigation for formation flying on 1;0-1 is inlplcmcntcci  fundamentally
as flight sof(warc hosted ei(hcr in the satellite Gmmand and Data 1 landling (GQIJ11)
computer or in a dedicated  computer with imrfacm  to the C& 1>1 J conlputcr.  (Preliminary
estimates indicate that a dcdica(cd  computer could be provided for =5 kg and =15 walls.)
Whichever computer is used, h needs to provide =400 Kbytes of memory and processing
speeds of up to =1 O MI1’S.  in addi(ion,  autonomous formation flying needs a (31’S
mccivcr  to provide tracking data, ‘1’his  capability is assumed to be included nominally
within the spacecraft. l’his G1’S technology is the same technology that will be the basis of
fut ore missions addressing more strenuous, mom accurate forms of formation flying undc]
different mission scenarios an(i with different navigation rcqoiremcnts.

1 ‘uel usage is expected to increase at mosi about 2.S% over the baseline design.
Nominally, the 1;0-1 mission will fly for 12 to 18 months in the Iattcr parl of this dcca(ic.
~onsidcring the expected maximum solar activity (i.e., largest exj~cctcd  drag) the baseline
fuc] budget for 1 S-’7 is abool 3 n]/s for OMM’s only [20]. Assuming almospher’ic  drag on
HO- I is twice that of 1.S-7 the 101 maneuver fuel budget would be 6 m/s. Adding
formation flying, the total maximum fuel bu(ig,et  for 1;0-1 A1’AM’s and OMM’S is 7.5 nl/s.

VA I.ll)ATION

Regarding the plan for validating this technology, formalion flyjng algorithms would
first be verified by detailed simulations of tllc autonomous navigation system within
ground-based computers to dctcmninc  their robustness an(i resiliency to various nominal
and off-nominal conditions. Subsequently, flight software versions of these algorithms
would be tested and used to simulate in a ground-based real.-timc simulation the two
satellites flyjng in formation, i.e., in some SOI t of tcstbcci.  lhcn, aftcl launch and systcm
calibration, e.g., especially the differences irl the ballistic coefficicn(s  bet wccn 110-1  and
IS-7, the autonomous navigation systcln would be activated in s[eps to perform formation
flying, but with continuous ground monitoring of the pcrfmmance.  1 ‘or example, it might
bc dctcrmincd  that a maneuver execution cxJ)crin~cnt  like the TOPliX/POSIilI~ON
Autonomous Maneuver I{xpcrjmcnt  (1 ‘AMf i) [21] wouki bc a prmicnt  test of the Maneuver
lrllj~lc?llclltatioll  l;unclion software without fuliy committing to autonomous operations.
Regardless, valida(icm is dine. s(q) by step, and only after a Ilighl Readiness Review of the
autonomous navigation sys(cm, looking at actual  on-orbit performance, would the sys(em
be ac(ivatcd  irl a truly autonomous mo(ic.  liven then,  ground-based analysts would
monitor performance through two or three n~ancuvers  before the staff wmki bc reduced
and the system proncmncc(i  sound.



CONCI.lJSIONS

In conclusion, the benefit of (his mclmology  and its dcmons[mtion on IiO-l is
ultinmtel y the elimination of ground opc~ atom w}m would t)c required to dc(erminc
command sequences for a scr;cs  of orbit adjllsllllcrlt/illairltcrlaIlce  maneuvcrx  driven by the
changing environment. Additionally, with autonomous navigation, the s~tcllitc  will
inhcrcnt]y  know where it is (orbit dcmmination),  where it will be in the future (orbit
prediction), and how to change its state to assure that it gets to where it is required to bc, all
without human decision making or ground intervention. Eventually, this could lead to a
series of “virtual platforms” all flying in formation taking coordinated nlcasmcmcnts  for
Mission to Planet Earth scicncc.
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Aj~pcndix - h4atl~cmalical  Ihivations

‘Jhis appendix is provided to document the cicrivation  of an empirical method for determining
the scmimajor axis rate and using Ibis infonnaticm  for maneuver decision and design functions.
Por(ions  of the following were originally described in Rcf.22.

~’o understand how a change  in the alol~g track velocity effects the along track position we starl
with Kepler’s equation:

M =1; - esin I; = n(t-tp) (Al)

where: M : mean anomaly
E : eccm(ric  a n o m a l y
c= ecccnt  ricit y
n = mean motion
t = time
t =-}) t imc past pcriaJJsis

lior circular orbits and MO= -nt}, equation A 1 becomes

“1’hc  along track velocity is:

4v= : circular  vclocit  y

where: ~ = liarth grwitational  cmslmt
a= spacecraft semi-major axis

l:rom equation A3, a change in semi-major axis yickis a change in velocity as follows:

dV=-~acla

I:rom Kepler’s third law:

r] =
{--

P-–- mean motion
a3

(A2)

(A3)

(A4)

(AS)
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lk]uations  As and AS can bc combined to show how a change in semi-major axis mulls  in a
change  in the mean motion:

(A6)

‘1’hc change in mean anomaly clue to a change in the along track velocity can now be derived
from equations Al ,A4, and A6:

AM= (dn) t = %f!: t (no atmospheric drag) (A7)

Adding atmospheric drag, equation A7 becomes:

AM = (dn) t + ~ t2

The time derivative of the mean lnotion  is:

And for a circular orbit the atmospheric drag effect on semi-major axis is:

~ z – C!>f! !’V2.
m n

where: c,, = spacecraft drag cOcfficicnt
A = spacecraft projected area in along track direction
11) =“ spacecraft mass

p =: atmospheric density

(A8)

(A9)

(Al O)

Combining equations A7-A1 O the along track angular change due to an along track velocity
increment and atmospheric drag decay is:

(All)

“1’hc along track distance computed from the along track angular change is:

A change  in orbital period due to a change in along track distance is:

16
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. . .

Substituting equation Al 1 into A14 gives:

Rewriting in terms of semi-major axis rate (i.e., using equation A 10)

Next, convert the angular longitude  offset 10a lcng[h measurement as:

where: aC, = 1%1}] mean equatorial radius

‘1’hc  final expression for the ground track longitude offset is then:

(hc.k  dv , -. ,1.0=- 1.00 + - v ) (’::’)’2

(A14)

(A15)

(A 16)

(Al 7)

(A18)

Now, the equation for a quadratic fit to 1.() is:

] .() = 1)10 i lll]t + 111# (Al 9)

Therefore, the initial longitu(ie  offset, velocity change an(i semi-major axis me in terms of the
quadmtic  fit coefficients can bc determined from equations Al 8 and A 19 as:

I .00 = Ino (A?())

(A21)

(A22)
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With the semimajor axis rate dclcmincd  frm A22, the akmg track separation can be
computed. First, the angular difference bc[wccn the mean anomalies of two spacecraft (101
and 13-7) is computed from equations  A2 and A8:

)(AD = (Mllo  1 +- AMIIO.l – Ml,s.7  -t Ah41+$.7 ) (A23)

The along track distance is:

AAT = aAD

Nominally AMO = M,..o.l . Ml ,s7, SO AM bCCOnNX:

AA3’ = a A Mo + a(AMl;o.l  -- AM1,s.7 )

IIxpanding A25 as in equation Al 1:

AAT = AATo -1 3(dV1io ] - (IV1,S.7)  1 - k(iil~) ] - ii],s 7) [2

W}ICIC:  k = orbit constant = 3V/4 a

I~or the same atmosphcrjc  density and scmimajol  axis the following holds:

(A24)

(A25)

(A26)

incorporating equations A4 and A27 into A26 gives the along track separation as a function of
time, the initial  along track separation, the initial scmimajor  axis difference and the scmimajor
axis time rate of change of only one of the spacecraft.

AA’]’ = AATO – 2k(iao t + kitlI)  1(1<-1 ) t2 (A28)

Maneuver magnitudes arc chosen to target the opposite along track boundary by doubling the
semi major axes difference at the maneuver epoch. ‘1’bus, maneuver magnitudes can bc
colnputed  from A4 as follows:

AV = ~kda~ (A29)

where: AV = along track velocity chtinge.
k = orbit cons(ant  = 3V/4a

da~ = semimajor axis difference at maneuver epoch
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